Smooth quantum hydrodynamic (QHD) model simulations of the resonant tunneling diode are presented which exhibit enhanced negative di erential resistance (NDR) when compared to simulations using the original O( h 2 ) QHD model. At both 300 K and 77 K, the smooth QHD simulations predict signicant NDR even when the original QHD model simulations predict no NDR.
The original O( h 2 ) quantum hydrodynamic (QHD) equations have been remarkably successful in simulating the e ects of electron tunneling through potential barriers including single and multiple regions of negative di erential resistance and hysteresis in the current-voltage curves of resonant tunneling diodes. However, the model relies on an ad hoc replacement of derivatives of the potential with derivatives of the logarithm of the electron density in order to avoid in nite derivatives at heterojunctions.
Refs. 1] and 2] present an extension of the QHD model that is mathematically rigorous for classical potentials with discontinuities|as are present at heterojunction barriers in quantum semiconductor devices. The stress tensor in this \smooth" QHD model actually cancels the leading singularity in the classical potential at a barrier and leaves a residual smooth e ective potential with a lower potential height in the barrier region (see Fig. 1 ).
The 
where repeated indices are summed over and where n is the electron density, u is the velocity, m is the electron mass, P ij is the stress tensor, V is the classical potential energy, W is the energy density, q is the heat ux, and T 0 is the ambient temperature.
Collision e ects are modeled by the relaxation time approximation, with momentum and energy relaxation times p and w . These transport equations are coupled to Poisson's equation for the electric potential. Quantum e ects enter through the expressions for the stress tensor and the energy density:
where T = 1= is the electron temperature and the \quantum" potential V is
The quantum correction to the classical stress tensor and energy density is valid to all orders of h 2 and to rst order in V , and involves both a smoothing integration of the classical potential over space and an averaging integration over temperature.
The barrier height B is incorporated into the QHD transport equations ( We de ne the 1D smooth e ective potential in the momentum conservation equation (2) as the most singular part of V ? P 11 :
The double integration over both space and inverse temperature provides su cient smoothing so that the P 11 term in the smooth e ective potential cancels the leading singularity in the classical potential at a barrier. The 1D steady-state smooth QHD equations are discretized 3] using a conservative upwind method adapted from computational uid dynamics. The discretized equations are then solved by a damped Newton method.
There are two contributions to the quantum potential V : the double barrier potential and the \self-consistent" electric potential from Poisson's equation. Note that second derivatives of V appear in the stress tensor and energy density, which then are di erenced in the smooth QHD transport equations. Thus we compute 
where N D is the density of donor ions. Then to e ciently compute the convolution (9), we take advantage of properties of the Fourier transform. We present simulations of a GaAs resonant tunneling diode with Al x Ga 1?x As double barriers at 300 K (77 K). The barrier height B is set equal to 0.1 (0.05) eV.
The diode consists of n + source (at the left) and drain (at the right) regions with the doping density N D = 10 18 cm ?3 , and an n channel with N D = 5 10 15 cm ?3 . The channel is 200 (250) A long, the barriers are 25 (50) A wide, and the quantum well between the barriers is 50 A wide. Note that the device has 50 A spacers between the barriers and the contacts. We have chosen parameters to highlight di erences between the original and smooth QHD models. Smooth QHD simulations of the resonant tunneling diode exhibit enhanced negative di erential resistance when compared to simulations using the original O( h 2 ) QHD model. The current-voltage curve for the resonant tunneling diode at 300 K is plotted in Fig. 2 and at 77 K is plotted in Fig. 3 . It is interesting that the original O( h 2 ) QHD model (see Refs. 4, 3] and references therein) predict very di erent I-V curves|in fact, at both 300 K and 77 K the original O( h 2 ) QHD model fails to produce negative di erential resistance for these devices.
Simulations of the resonant tunneling diode using the Wigner-Boltzmann/Poisson equations are planned to determine which of the QHD models gives better agreement with the more complete quantum kinetics. In these comparisons, we will use FokkerPlanck collision terms with a relaxation time in the Wigner-Boltzmann equation, which then implies momentum and energy relaxation times p = and w = =2 in the QHD models.
We will then be able to answer the question: In what parameter range and how accurately do the smooth QHD solutions ( rst three moments) re ect the solutions to the full Wigner-Boltzmann equation? There should be a technologically important range of parameters (device size, ambient temperature, potential barrier height, applied voltage, semiconductor material, etc.) in which the smooth QHD model gives solutions and I-V curves that are very close to those given by the full Wigner-Boltzmann/Poisson system.
